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ABSTRACT — The amounts of cyclic-guanosine monophosphate (cGMP) and cyclic-adenosine 
monophosphate (cAMP) in octopus retina were measured by competitive radioimmunoassay. The 
amounts of the respective di- and tri-phosphonucleotides, and of visual pigment (as retinal isomers), 
were determined by high-performance-liquid chromatography (HPLC). Unirradiated octopus retina 
contained 2.4 + 0.5 pmol of cGMP and 36 + 7.0 pmol of cAMP. When 27.6% of the visual pigment in 
the retina was converted into the meta-form by an intense light flash, the rapidly-frozen retina contained 
2.3 + 0.9 pmol of cGMP and 32 + 4.0 pmol of cAMP: no significant changes from the unirradiated state. 
The molecular ratios of cGMP and cAMP to total visual pigment were estimated to be 1/1800 and 1/ 
120, respectively. Assuming that all the cGMP and cAMP were contained only in the rhabdome, it was 
estimated that there are 1.6 molecules of cGMP and 24 molecules of cAMP per microvillus. The low 
content of cGMP in the microvillus and the absence of significant change in cGMP content on exposure 
to light lead us to conclude that cGMP is not the ‘intracellular messenger’ of phototransduction in 
octopus photoreceptor cells. 


INTRODUCTION 

It is known than, in the rhabdomeric photore- 
ceptor cells of cephalopods and arthropods, the 
cation channels in the plasma membrane are 
opened by light stimulation, resulting in depolar- 
ization of the photoreceptor cell [17]. However, 
details of the events between photoisomerization 
of rhodopsin and channel opening are unknown. 
Cyclic-GMP (cGMP) [12, 15] and inositol tris- 
phosphate (IP 3 ) [3, 4, 8, 19] are possible candi- 
dates for the intracellular messenger, and it is well 
established that cGMP fulfils this role in vertebrate 
rod cells [9, 13]. 

In the ventral photoreceptor cell of Limulus, 
injection of solutions containing cGMP or cAMP 
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does not increase the influx of Na + ions [16], but 
cGMP can depolarize the cell in a similar manner 
to light stimulation [12]. In the squid retina, it has 
been reported that (i) light increases the activity of 
guanylate cyclase [15], and (ii) according to John- 
son et al. [12], the amount of cGMP in the light- 
irradiated retina of Loligo pealei is up to 1.7 times 
that in the dark-adapted state. This reported 
cGMP change in the squid retina would probably 
be enough to open a cGMP-gated cation channel 
(cf. the light-stimulated decrease in cGMP to 80 % 
of that of dark-adapted rods in the frog, Rana 
catesbiana, retina [6]). However, Brown et al. [2] 
reported that light induced no significant changes 
in the cGMP content of the photoreceptor cells of 
the squids Loligo pealei and L. opalescens. 

We consider that Johnson’s data did not provide 
sufficient evidence to support the candidacy of 
cGMP as an intracellular messenger of phototrans- 
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duction in cephalopods, and also that Brown’s data 
did not reject a role for cGMP, because both 
studies were unable to express the content of 
cGMP as a proportion of the initial content of a 
single microvillus. In the present study, we com- 
pare the amounts of cGMP, cAMP, and their di- 
and tri-phosphorylated derivatives in octopus re- 
tina, before and after light irradiation. Visual 
pigment content (proportional to the number of 
microvilli) was determined by HPLC analysis of 
the chromophore retinal, which was used as an 
internal standard to normalize the size of the retina 
and the nucleotide content for each experiment. 
The cephalopod retina is composed almost entirely 
of photoreceptor cells (and their axons), which are 
assumed to be the site of most of the cGMP and 
cAMP measured in whole retina. 

MATERIALS AND METHODS 

Small octopuses (30-100 g adult Octopus fang- 
siao d’Orbigny; = 0. ocellatus Gray [10]), were 
collected near the Ushimado Marine Laboratory. 
The animals were kept in the dark for more than 
24 hours prior to dissection. All procedures were 
carried out under infrared light using the noctovi- 
sion equipment (NEC, Tokyo, Japan). ‘Eye-cups’ 
were prepared from enucleated eyes (attached 
fragments of optic lobe and white body were 
carefully removed) and the retina was incised 
radially, flattened sclera-down on filter paper, and 
mounted on a polystyrene block. The retina was 
irradiated with white light from an electronic flash 
unit (5 cm from the retina; 2.5 ms duration, Sun- 
pak Co. Ltd., Tokyo, Japan) and rapidly (within 
300 ms) frozen by slamming it against a copper 
block previously cooled in liquid nitrogen. The 
frozen retinae with scleral materials were kept 
below— 80°C. Subsequent procedures were car- 
ried out under dim red light. Each frozen retina 
was homogenized in 1.5 ml of ice-cold 6% trichlor- 
oacetic acid (TCA) on ice, and centrifuged at 
12000 rpm for 30 min. Homogenization and ex- 
traction were repeated twice (When a known 
amount of cGMP was added to an octopus retina, 
89.7% of the added amount was recovered by the 
first extraction). The precipitate was retained for 
chromophore extraction (see below). The pooled 


supernatants were washed 3 times with 10 ml 
diethylether to remove TCA, freeze-dried and 
dissolved in 2 ml distilled water. A 100 ju\ of this 
solution was succinylated and cGMP and cAMP 
contents were measured by radioimmunoassay 
(according to the instructions provided with com- 
mercial kits; Yamasa Shoyu Co. Ltd., Chiba, 
Japan). 

The amounts of GTP, ATP and ADP were 
determined by HPLC analysis of the remaining 
solution, using a SUMIPAX ODS column (6X 150 
mm, Sumitomo Chem. Co. Ltd., Tokyo, Japan) 
with a solvent system of 22.5% (v/v) methanol, 4 
mM tetra-butyl-ammonium phosphate and 15.5 
mM potassium phosphate (pH 5.6) at 30°C. The 
flow rate was 0.5 ml/min for initial 30 min after 
sample injection and then 1.0 ml/min. Absorb- 
ance at 260 nm was monitored and the amount of 
each nucleotide estimated using respective 
molecular extinction coefficients at this wavelength 

m- 

Visual pigment chromophore was extracted into 
hexane [11, 18] from the TCA precipitate, applied 
to a YMC silica gel column (6X 150 mm, YMC Co. 
Ltd., Japan) and eluted with a solvent system of 
10% (v/v) ethylacetate and 0.4% (v/v) ethanol in 
hexane, at a flow rate of 1 ml/min, monitoring 
absorbance at 360 nm. 

The late receptor potential (LRP) of the octopus 
retina was measured as described in a previous 
paper [14], with the retina set in an experimental 
chamber perfused with aerated sea water. 

RESULTS AND DISCUSSION 

Table 1 shows the amounts of nucleotides and 
retinal in the octopus retina. The octopus retina 


Table 1. Contents of chromophore retinal and 
nucleotides in one retina (Xl0 _9 mol) 



dark (n = 4) 

light (n=5) 

retinal 

4. 4 + 0. 7 

4. 2+0. 4 

cGMP 

0.0024 + 0.0005 

0.0023 + 0.0009 

cAMP 

0.036 + 0.007 

0.032 + 0.004 

GTP 

11+3 

11+4 

ATP 

17 + 8 

17 + 6 

ADP 

4.0+ 1.3 

5.8+ 1.7 
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used in this experiment contained about 4 nmol of 
retinal. The 27.6 % of ll-cw retinal was photo- 
isomerized to all -trans form by the flash. Signi- 
ficant differences in the amounts of cGMP, cAMP, 
GTP, ATP and ADP were not found between the 
irradiated retina and the unirradiated one. It 
seemed unlikely that the amounts of the nuc- 
leotides in the irradiated retina returned to the 
level in the unirradiated retina before freezing the 
retina, because the magnitude of the (negative- 
going) LRP sustained 81.4% of its maximum even 
at 500 ms after the flash, as shown in Figure 1. 



Fig. 1. The late receptor potential of the octopus re- 
tina. Flash intensity was attenuated to half that for 
the determination of cGMP content. The vitreous- 
side positive signal is upward. The downward 
spike-shaped signal at zero time is an electrical 
stimulus artifact. 


Since the ratio of GTP to cGMP was 4600 : 1 and 
that of ATP to cAMP 470:1, there were ample 
amounts of both GTP and ATP in the retina as 
source materials for both cGMP and cAMP to be 
produced. The amounts of AMP, GMP and GDP 
could not be determined accurately due to con- 
tamination in the TCA extract, which had some 
absorbance at the monitoring wavelength 260 nm, 
as shown in Figure 2. 

It has been considered that cGMP may be the 
intracellular messenger of phototransduction in 
invertebrate photoreceptor cells as well as in verte- 
brate rod cells. This was supported by the findings 
of GTP-binding protein (G-protein), phosphodies- 
terase and guanylate cyclase in cephalopod photo- 
receptor cells [5, 7, 20], and by the fact that cGMP 
injection into the Limulus ventral photoreceptor 
cell could induce a response in a similar manner to 




Fig. 2. HPLC analysis of nucleotides in the octopus 
retina. Trace 1 is a chromatogram of the TCA 
extract from an octopus retina. Trace 2 is a mixture 
of the authentic compounds. Flow rate was 0.5 ml/ 
min for first 30 min, then 1 ml/min. A 2 6o> absorbance 
at 260 nm. Other abbreviations as given in Table 1. 

the light response [12]. However, our results 
demonstrated that the amount of cGMP in the 
octopus retina was not significantly changed by the 
flash, in agreement with Brown et al. [2]. Inability 
to detect a change in cGMP content is not in itself 
proof that cGMP is not the intracellular messenger 
of phototransduction: it is possible that light- 
induced variation of cGMP occurred but was 
masked by processes independent of phototrans- 
duction. However, this possibility is discounted as 
follows. 

Assuming that all cGMP molecules were local- 
ized only in microvilli, the number of cGMP 
molecules in one microvillus was estimated as 
follows. The dimensions of Octopus fangsiao 
photoreceptor cells and microvilli were estimated 
from electron micrographs taken by Prof. M. 
Yamamoto (Ushimado Marine Laboratory). On 
average, each photoreceptor cell has a cross- 
sectional area of 3.9 X 10 pm 2 . From inspection of 
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longitudinal sections of photoreceptors, each cell 
with rhabdomeres of length 150 p m has 3.5 XlO 5 
microvilli. The mean area of the retina used in 
these experiments was 1.0 cm 2 : an estimated total 
9.1 XlO 11 microvilli. Assuming that all the cGMP 
exists in the microvilli, then there are about 1.6 
molecules of cGMP per microvillus. Of course, if 
it is assumed that most of the cGMP in the 
microvillus is concerned with other functions with- 
in the cell, less than one molecule of cGMP per 
microvillus would be available to participate in 
phototransduction. There is therefore no reason 
to propose that changes in cGMP have gone 
undetected because of the presence in the retina of 
large amounts of cGMP independent of photo- 
transduction. 

It is considered that the intensity of the flash 
used in this experiment was sufficient to activate 
substantial numbers of visual pigment molecules in 
all the microvilli, by the following reasoning. (1) 
About 3000 molecules of visual pigment were 
contained in each of 9.1 XlO 11 microvilli. (2) 
Assuming that visual pigment was uniformly distri- 
buted, only in the rhabdomes, and with mean 
cross-section of 2.2 X 10 pm 1 and length of 150 pm, 
the concentration of visual pigment in the rhab- 
dome is estimated to be 0.5 mM. (3) According to 
Lambert-BeeTs law, the intensity of light passing 
through the 150 pm rhabdome is reduced to 52% 
of the incident light. Therefore, with the flash 
irradiation used in the present study, which con- 
verts 28% of the total visual pigment to the 
meta-form, 36% would be converted in the most 
distal region of the rhabdome and 18% proximally: 
i.e. phototransduction occurred in all microvilli. 

It is estimated that if phototransduction led to an 
increase or decrease of only one molecule of 
cGMP per microvillus, the sum of changes in 
cGMP over the whole retina would be ±60%. 
This would be sufficient for detection by the 
methods used in the present study, but no such 
changes were detected. This suggests that there is 
no change in cGMP content during phototransduc- 
tion in the octopus retina. 

Brown et al. [2] discussed the magnitude of the 
light-induced change in cGMP concentration, esti- 
mating that if the dissociation constant of the 
cGMP-gated channels for cGMP is similar to that 


reported for vertebrate rods, then the minimum 
cGMP concentration jump sufficient to saturate all 
the channels in the microvillar membrane would 
be 25-225 pM. Assuming that all the measured 
cGMP was distributed only in the outer segments 
of the octopus photoreceptor cells, the cGMP 
concentration estimated from the present study 
was 0.17 pM in the unirradiated retina. This is 150 
to 1300 times less than the magnitude of the 
concentration jump required, and if this jump 
happened it would be easy to detect by the 
methods used here. Since no changes were de- 
tected, as shown in Table 1, it is concluded that 
cGMP is not the intracellular messenger of photo- 
transduction in the octopus retina. 

The content of cAMP was 15 times more than 
cGMP in the retina but no significant change was 
detected in cAMP content (Table 1). Using argu- 
ments similar to those used above with regard to 
cGMP, it is concluded also that cAMP is not an 
intracellular messenger during phototransduction 
in this system. 

ACKNOWLEDGMENTS 

We wish to express our thanks to Prof. M. Yamamoto 
of Ushimado Marine Laboratory for the use of his 
unpublished electron micrographs of the photoreceptor 
of Octopus fangsiao, which were used for calculation of 
the mean size of the photoreceptor cell and microvillus. 
We thank Dr. Ian Gleadall for critical reading of this 
manuscript. 

REFERENCES 

1 Beaven GH, Holiday ER, Johnson EA (1955) 
Optical properties of nucleic acids and their compo- 
nents. In “The nucleic acids” Ed By E Chargaff and 
JN Davidson, Academic press. New York, Vol 1 , pp 
493-553 

2 Brown JE, Faddis M, Combs A (1992) Light does 
not induce an increase in cyclic-GMP content of 
squid or Limulus photoreceptors. Exp Eye Res 54: 
403-410 

3 Brown JE, Rubin LJ, Ghalayini AJ, Tarver AP, 
Irvine RF, Berridge MJ, Anderson RE (1984) myo- 
inositol polyphosphate may be a messenger for 
visual excitation in Limulus photoreceptors. Nature, 
311: 160-163 

4 Brown JE, Watkins DC. Malbon CC (1987) Light- 
induced changes in the content of inositol phos- 
phates in squid ( Loligo pealei) retina. Biochem J 


Nucleotide Content in Octopus Photoreceptor Cells 


279 


247: 293-297 

5 Calhoon R, Tsuda M, Ebrey TG (1980) A light- 
activated GTPase from octopus photoreceptors. 
Biochem Biophys Res Commun 94: 1452-1457 

6 Cote RH, Biernbaum MS, Nicol GD, Bownds MD 
(1984) Light-induced decreases in cGMP concentra- 
tion precede changes in membrane permeability in 
frog rod photoreceptors. J Biol Chem 259: 9635- 
9641 

7 Ebrey T, Tsuda M, Sassenrath G, West JL, Waddell 
WH (1980) Light activation of bovine rod phospho- 
diesterase by nonphysiological visual pigments. 
FEBS lett 116: 217-219 

8 Fein A, Payne R, Corson DW, Berridge MJ, Irvine 
RF (1984) Photoreceptor excitation and adaptation 
by inositol 1,4,5-trisphosphate. Nature 311: 157-160 

9 Fesenko EE, Kolesnikov SS, Lyubarsky AL (1985) 
Induction by cyclic GMP of cationic conductance in 
plasma membrane of retinal rod outer segment. 
Nature 313: 310-313 

10 Gleadall IG, Naggs FC (1991) The Asian ocellate 
octopuses. II. The validity of Octopus fangsiao 
d'Orbigny. Ann Appl Info Sci, Sendai, Japan 16: 
173-180 

11 Groenendijk GWT, De Grip WJ, Daemen FJM 
(1980) Quantitative determination of retinals with 
complete retention of their geometric configuration. 
Biochim Biophys Acta 617: 430-438 

12 Johnson EC, Robinson PR Lisman JE (1986) Cyclic 
GMP is involved in the excitation of invertebrate 
photoreceptors. Nature 324: 468-470 


13 Miki N, Keirns JJ, Marcus FR, Freeman J, Bitensky 
MW (1973) Regulation of cyclic nucleotide concen- 
trations in photoreceptors:an ATP-dependent sti- 
mulation of cyclic nucleotide phosphodiesterase by 
light. Proc Nat Acad Sci USA 70: 3820-3824 

14 Ohtsu K, Kito Y (1985) A photoproduct with 13 -cis 
retinal generated by irradiation with violet light in 
the octopus retina. Vision Res 25: 775-779 

15 Saibil HR (1984) A light-stimulated increase of 
cyclic GMP in squid photoreceptors. FEBS Lett 168: 
213-216 

16 Stern JH, Lisman JE (1982) Internal dialysis of 
Limulus ventral photoreceptors. Proc Natl Acad Sci 
USA 79: 7580-7584 

17 Stieve H (1985) Bumps, the elementary excitatory 
responses of invertebrates. In “The molecular 
mechanism of photoreception” Ed By H Stieve, 
Springer- Verlag, Berlin, pp 199-230 

18 Suzuki T, Makino-Tasaka M (1983) Analysis of 
retinal and 3-dehydroretinal in the retina by high- 
pressure liquid chromatography. Anal Biochem 129: 
111-119 

19 Szuts EZ, Wood SF, Reid MS, Fein A (1986) Light 
stimulates the rapid formation of inositol trisphos- 
phate in squid retinas. Biochem J 240: 929-932 

20 Vandenberg CA, Montal M (1984) Light-regulated 
biochemical events in invertebrate photoreceptors. 
1. Light-activated guanosinetriphosphatase, guanine 
nucleotide binding, and cholera toxin catalyzed 
labeling of squid photoreceptor membranes. 
Biochem 23: 2339-2347 


